Abstract: Introduction: Retinitis pigmentosa (RP), an inherited disease characterized by progressive loss of photoreceptors and retinal pigment epithelium, is a leading genetic cause of blindness. Cell transplantation to replace lost photoreceptors is a potential therapeutic strategy, but technical limitations have prevented clinical application. Adult human peripheral blood mononuclear cells (hPBMCs) may be an ideal cell source for such therapies. This study examined the survival and migration of pre-induced hPBMCs three months after subretinal transplantation in the retinal degeneration slow (rds) mouse model of RP. Materials and Methods: Freshly isolated adult hPBMCs were pre-induced by co-culture with neonatal Sprague-Dawley (SD) rat retinal tissue for 4 days in neural stem cell medium. Pre-induced cells were labeled with CMDiI for tracing and injected into the right subretinal space of rds mice by the trans-scleral approach. After two and three months, right eyes were harvested and transplanted cell survival and migration examined in frozen sections and wholemount retinas. Immunofluorescence in whole-mount retinas was used to detect the expression of human neuronal and photoreceptors protein markers by transplanted cells. Results: Pre-induced adult hPBMCs could survive in vivo and migrate to various parts of the retina. After two and three months, transplanted cells were observed in the ciliary body, retinal outer nuclear layer, inner nuclear layer, ganglion cell layer, optic papilla, and within the optic nerve. The neuronal and photoreceptor markers CD90/Thy1, MAP-2, nestin, and rhodopsin were expressed by subpopulations of CM-DiI-positive cells three months after subretinal transplantation. Conclusion: Pre-induced adult hPBMCs survived for at least three months after subretinal transplantation, migrated throughout the retina, and expressed human protein markers. These results suggest that hPBMCs could be used for cell replacement therapy to treat retinal degenerative diseases.
INTRODUCTION
Retinitis pigmentosa (RP) is a leading cause of inherited blindness, and there is currently no effective treatment to slow the progressive loss of photoreceptors and retinal pigment epithelium (RPE) characteristic of this disease. Replacement of lost cells by transplantation of pluripotent stem cells is considered a possible therapy [1, 2] , but the efficacy of this strategy is predicated on the survival, differentiation, and integration of stem cells in vivo.
A number of recent studies have indeed demonstrated the potential of stem cells to replace damaged retinal cells and improve visual function [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In 2010, the FDA approved the first clinical trial using human embryonic stem cellderived retinal pigment epithelial (hESC-RPE) cells for the treatment of dry age-related macular degeneration (AMD) and Stardgart's disease (STGD). However, ethical issues related to harvesting human fetal stem cells and serious potential dangers such as xenotransplant rejection and teratoma *Address correspondence to this author at the State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, GuangZhou 510060, China; Tel: 86-0-20-87330490; Fax: 86-0-20-87331350; Emial: huangbing2000@hotmail.com have limited clinical application. Moreover, human retinal progenitors are difficult to harvest and maintain, greatly limiting the supply. In contrast, adult induced pluripotent stem cells (iPSC) possess unlimited capacity for self-renew, can be harvested from patients to eliminate the risk of rejection, and theoretically can be pretreated (pre-induced) to follow specific lineages. However, the reprogramming of nonpluripotent cells to iPSCs and the preparation of specific iPSC-derived lineages is complex. Thus, further investigation is required to identify the optimal pluripotent stem cell type(s) for transplantation. Induced PSCs are not likely ideal for this purpose [13] . Bone mesenchymal stem cells (BMSCs) have regeneration potential [14] , can secrete trophic factors [15] [16] [17] [18] , and inhibit immunological reactions [19] [20] [21] [22] , but the capacity for integration into the retina is limited [23] , and harvesting from bone marrow is neither safe nor convenient. In contrast, peripheral blood mononuclear cells (PBMCs) meet many of the conditions of an ideal cell source [24] . In addition to ease of isolation from patients, previous studies have shown that PBMCs can differentiate into neurons [24] [25] [26] [27] [28] [29] .
Few studies have examined the potential of PBMCs for ophthalmology applications [30] . Our previous studies dem-onstrated that freshly isolated adult hPBMCs can differentiate into cells with the morphological characteristics and protein expression patterns of neurons, astrocytes, and photoreceptors when cultured in medium conditioned by rat retinal tissue [31, 32] . However, the capacity for migration and integration was limited at one month after intravitreal injection [31] . In contrast, transplanted cells demonstrated good migration and survival one month after subretinal injection [32] . Transplanted cell survival and migration in the damaged retina are a prerequisite for cell-based repair, so whether these transplanted cells continue to survive, migrate, and differentiate over longer periods within the rds mouse retina after subretinal transplantation requires further observation. To study the longer-term survival and migratory capacity of pre-induced hPBMCs, we labeled these cells, injected them into the subretinal space of rds mice, and examined cell location and protein expression phenotype two and three months after injection.
MATERIALS AND METHODS

Animals
The retinal degeneration slow (rds) mouse, a model of recessive RP, carries a homozygous mutation of the peripherin/rds gene that restricts formation of the outer segment disk membrane and eventually leads to photoreceptor apoptosis. One and a half-month-old rds mice (n=160) were divided into three groups: a treatment group injected with pre-induced adult hPBMCs (n=108, 36 for each human PBMC source), a sham control group injected with serumfree culture medium (n=36), and an untreated blank control group (n=16). Treatment group mice were injected with 2 l serum-free culture medium containing 2 10 5 / l CM-DiIlabeled cell into the right subretinal space, while sham control group rds mice were injected with 2 l serum-free culture medium. Two and three months after sham injection or cell transplantation, rds mice were sacrificed by cervical dislocation and the right eyes removed. The study was approved by the Ethics Committee of Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou, China (NO 
Isolation, Pre-induction, and Labeling of Adult hPBMCs
The methods employed for adult hPBMC isolation, preinduction, and labeling were described previously [31, 32] . Briefly, peripheral blood was collected from 3 healthy individuals (ages 24, 27, and 51 years). Donors were healthy as defined by normal blood and urine test results, normal liver and lung function, no history of genetic disease, and no current infectious diseases. Written informed consent was obtained from the participants. Each 30 ml peripheral blood sample was separated by Ficoll-Hypaque (Chuanye Biotech, China) density gradient centrifugation at 1500 rpm for 20 min and hPBMCs obtained from the interface between the plasma layer and the Ficoll-Hypaque layer. Cells were seeded into the bottom wells of 6-well transwell plates (Corning, USA) at 3-4 10 6 cells per well. The top wells had been pre-seeded 24 h earlier with 4 retinal tissue samples from one-day-old SD rats to create a special conditioned neural stem cell medium. These co-cultures were incubated in neural stem cell medium at 37ºC under a 5% CO 2 atmosphere for 4 days. The raw neural stem cell medium was composed of Dulbecco's modified Eagle's medium (DMEM)/F12 (90 ml/100 ml; Gibco, USA), human basic fibroblast growth factor (hbFGF, 10 3 ng/100 ml; PeproTech, USA), human stem cell factor (hSCF, 200 ng/100 ml; PeproTech, USA), human epidermal growth factor (hEGF, 10 3 ng/100 ml; PeproTech, USA), B27 stem cell culture supplement (50 , 2 ml/100 ml; Gibco, USA), L-glutamine (3% solution, 1 ml/100 ml, Weijia Technology, China), fetal bovine serum (FBS,7 ml/100 ml; SiJiQing Biotech, China), and Gentamicin (150 ml/100 ml, Tianxin Pharmaceuticals, China). The medium was changed as needed (as indicated by pH indicator yellowing).
After 4 days' pre-induction, hPBMCs were collected and resuspended in PBS at 10 6 /ml. Untreated cell suspensions were used as blank controls for flow cytometry, while other samples were resuspended in serum-free culture medium at 10 6 /ml and labeled by adding 5 μl of a 25 μg/ml CM-DiI solution to each 1 ml of the cell suspension. The mixture was incubated at 37 ºC for 5 min, then at 4ºC for 15 min with resuspension of cells every five min. Labeled cells were washed twice in PBS, resuspended in PBS at 10 6 /ml, and then analyzed by flow cytometry. The remaining CM-DiIlabeled cells were suspended at 2 10 5 cells/ l in serum-free culture medium and used for subretinal injection.
Flow Cytometry
Flow cytometry was performed to quantify the expression of cell-specific markers in both freshly isolated and preinduced hPBMCs. Both direct and indirect immunolabeling methods were used. Antibodies used for direct labeling (FITC-or PerCP-conjugated) were specific for human CD3, CD16, CD19, or CD45 (Invitrogen, USA), and each staining trail was compared to a specific isotype control. Primary antibodies used for indirect labeling were specific for human nestin (Millipore, USA), vimentin, MAP2, GFAP, synapsin, rhodopsin (all from Abcam, England), or -tubulin III (Sigma-Aldrich, USA). The secondary antibodies were FITC-conjugated goat anti-rabbit (Cell Signaling Technology, USA) or PE-conjugated goat anti-rabbit (SouthernBiotech, USA). Fix and Cell Permeabilization reagents (Invitrogen, USA) were used for labeling intracellular antigens. Cell suspensions were stained and counted by flow cytometry according to the manufacturer's directions. Cell suspensions treated with secondary antibodies only were measured as the isotype controls for indirect labeling. After staining, cell suspensions were tested immediately by flow cytometry (Becton, Dickinson Company, USA) using FCS Express V3 software for data analysis. The positive value of the isotype controls ranged from 0% to 1%.
Subretinal Transplantation
The specific method used for subretinal transplantation was the same as in our previous work [32] . Briefly, after weighing, treatment and sham group rds mice were anesthetized with 4.3% chloral hydrate (0.43 mg/g body weight) by intraperitoneal injection. Right eyes were flushed with saline, dilated using tropicamide eye drops (Shenyang xing qi Pharmaceutical, China), and fixed in position toward the top right. After topical anesthesia, bulbar conjunctiva and fascia in the 2 o'clock position were blunt dissected, the sclera exposed, and a 10-0 corneal suture (Alcon Company, USA) preset through the shallow sclera 2 mm posterior to the limbus under a surgical microscope. The sclera within the suture boundary was pierced with a corneal needle at 15 degrees into the anterior chamber toward 6 o'clock. Anterior chamber aqueous humor was partially discharged to reduce intraocular pressure. Then a 33-gauge microscopic needle (Hamilton Company, Switzerland) connected to a Hamilton microsyringe containing media (sham treatment) or the CM-DiIlabeled cell suspension was inserted into the subretinal space, and a 2 μl volume slowly injected. A successful subretinal transplantation had to meet the following conditions: (1) bullous retinal detachment was observed on the injection site, (2) the bullous retinal detachment reattached around 3 days after the operation, and (3) no cataract, vitreous hemorrhage, or endophthalmitis associated with subretinal injection was observed after injection. Tobramycin and dexamethasone eye drops were administered locally to the operative eye three times a day during the week after transplantation.
Frozen Sections and Nucleus Staining
To investigate the migration of transplanted cells through retinal cell layers, frozen sections were prepared and stained. Briefly, 40 rds mice (24 from the treatment group, 8 from the sham group, and 8 from the blank control group) were sacrificed by cervical dislocation two or three months after injection and the right eye removed and embedded in O.C.T. compound (Sakura Finetek, USA) at -20ºC. Sections (4 μm thick) were cut using a cryostat microtome (Leica, Germany) and mounted on polylysine-coated glass slides. Mounted sections were fixed in 4% paraformaldehyde for 5 min, washed three times with PBS, stained by Hoechst 33342 (1: 1000, Sigma-Aldrich, USA) for 5 min, washed three times with PBS, treated with anti-fade agent, and sealed under coverslips. Finally, the slides were visualized under a laser scanning confocal microscope (Carl Zeiss, Germany).
Radial Migration in Whole-mount Retinas
To assess radial migration of transplanted cells, wholemount retinas were prepared. Briefly, 40 rds mice (24 from the treatment group, 8 from the sham group, and 8 from the blank control group) were sacrificed by cervical dislocation two or three months after injection. The injected eyes were removed, and a hole made in the cornea to allow 4% paraformaldehyde to enter the eyeball. The eyes were fixed in 4% paraformaldehyde for 1 h, the lens removed, and the remaining tissue fixed for an additional 2 h. The fixed retinas were carefully dissociated from the rest of the eyeball under a microscope (Carl Zeiss, Germany) and carefully placed on glass slides with the photoreceptor layer up. Radial incisions were made to allow the cup-shaped retinas to lie flat. Whole mounts were treated with anti-fade reagent, sealed under coverslips, and examined under a fluorescence microscope (Carl Zeiss, Germany). The distance from the injection site to the point of longest migration distance was measured using Axio Vision Rel. 4.8 software (Carl Zeiss, Germany).
Other whole mounts were first immunolabeled before sealing (below).
Immunofluorescence of Whole-mount Retinas
To confirm that the red-stained cells (CM-DiI-labeled) were indeed those transplanted, whole mount retinas were stained with antibodies against human nestin, MAP-2, -tubulin III, rhodopsin, or CD90/THY1. These antibodies showed no cross-reactivity to mouse (not shown).
At three months after injection, 80 rds mice (60 from the treatment group and 20 from the sham group) were sacrificed by cervical dislocation, and the right eyes removed. Eyes were fixed in 4% paraformaldehyde on ice for 30 min and retinas removed under a dissection microscope (Carl Zeiss, Germany). Fixed retinas were blocked for 1 h in PBS containing 0.5% Triton X-100 (PBST) plus 5% bovine serum albumin (BSA). After gently blotting the excess blocking buffer, retinas were incubated overnight at 4 ºC in PBST + BSA containing primary antibodies against rhodopsin (Abcam, England), MAP-2 (Abcam, England), CD90/THY1 (Abcam, England), nestin (Millipore, USA), and -tubulin III (Sigma-Aldrich, USA). Immunolabeled retinas were washed three times with PBST (30 min/wash), incubated in PBST+BSA containing a secondary antibody (Cell Signaling Technology, USA) for 2 h, and washed three times in PBST (30 min/wash). Cell nuclei were stained by Hoechst 33342 (1:1000, Sigma-Aldrich, USA) for 30 min. Retinas were washed three times in PBST (30 min/wash) and radial incisions cut to allow them to lie flat. Whole mounts were treated with anti-fade reagent, sealed under coverslips, and examined under a confocal laser scanning microscope (Carl Zeiss, Germany).
Statistical Analysis
Group means (continuous variables) were compared by paired-sample T tests (analysis of variance). Statistical analysis was performed using SPSS 16.0 software. Data are expressed as mean ± S.D. P<0.05 was considered statistically significant.
RESULTS
Morphology and Phenotypic Expression of Adult hPBMCs Cultured In Vitro
Freshly isolated adult hPBMCs were round and dispersed after plating on the bottom wells of transwell plates in neural stem cell medium (Fig. 1A) . After one day in transwell culture with rat neonatal retina tissue in the top wells, hPBMCs formed colonies (Fig. 1B) that gradually increased in number and volume over the next three days. There were no significant changes in cell morphology during this pre-induction culture ( Fig. 1 B- 
E).
Phenotypic expression of adult hPBMCs cultured in vitro was consistent with previous results [27, 28] . In general, the expression levels of T cell, NK cell, and B cell markers (CD3, CD16, CD19) decreased, while expression levels of a neural stem cell marker (nestin), several neural cell markers (vimentin, MAP-2, -tubulin III, synapsin, GFAP), and the retinal photoreceptor cell marker rhodopsin increased during pre-induction (Table 1 & Fig. 2) . After 4 days of pre-induction culture, there was a significant increase in the number of rhodopsin-positive cells (P<0.05) ( Table 1) .
Survival and Migration of Pre-induced Adult hPBMCs in the Retinas of rds Mice
Adult hPBMCs were harvested after 4 days in transwell co-culture, resuspended in serum-free medium, and stained with CM-DiI prior to injection into rds mouse eyes as described. Two or three months after transplantation, frozen sections of retina and whole mount retinas were prepared and stained as described. Frozen sections were counterstained with Hoechst 33342 nuclear dye. Flow cytometry of the cell suspensions prior to injection revealed that 92.8% ± 5.3% of cells incubated in CM-DiI were labeled (Fig. 1F) . Under a confocal laser scanning microscope, each rds retina in the treatment group contained red fluorescent (CM-DiI-positive) cells. Labeled cells were observed in the ciliary body (Fig.  3A) , retinal outer nuclear layer (Fig. 3B) , inner nuclear layer (Fig. 3C) , ganglion cell layer (Fig. 3 D&E) , optic papilla (Fig. 3 F & G) , and within the optic nerve (Fig. 3 H) , and all had intact nuclei as revealed by Hoechst staining. These results demonstrate that pre-induced adult hPBMCs survive for at least three months in vivo and migrate into all retinas layers of rds mice (Fig. 3 A-H) . However, there was no obvious difference in the structure of retina between treatment and control groups.
To assess the extent of radial migration, CM-DiI labeling was examined in whole-mount retinas. After two months (Fig. 4 A & B) or three months (Fig. 4 C & D) , red fluorescent cells were widely distributed throughout the retina (Fig.  4 A-D; white arrows point to the injection site and optic nerve), while no fluorescence was observed in whole-mount retinas from sham-injected mice (Fig. 4 E) . The CM-DiI fluorescence at two months (Fig. 4 A & B) was stronger and more widely distributed than after three months (Fig. 4 C &  D) . The mean distance from the injection site to the point of farthest migration was 4021.66 ±373.88 m. 
Transplanted Cells in rds Mice Retinas Expressed Human-specific Neuronal and Photoreceptors Protein Markers
The protein expression phenotypes of hPBMCs three months after injection were assessed by immunostaining whole-mount retinas for markers of mature neurons, neural progenitors, and photoreceptors. Subpopulations of CM-DiIpositive cells expressed CD90/Thy1 (Fig. 5A) , MAP-2 ( Fig.  5B), nestin (Fig. 5C), or rhodopsin (Fig. 5D) , but none expressed -tubulin III (data not show). Some cells expressing human protein markers were clustered in aggregates, while others were dispersed as single isolated cells. However, none exhibited obvious neural processes. The retinas of mice injected with serum-free culture medium did not express any of these human markers (Fig. 5E) .
Injected hPBMCs survived in the retina for three months after subretinal transplantation. Moreover, many expressed human protein markers, although others remained antibody negative. Additional studies are required to determine if expression profile are consistent with specific cell types.
DISCUSSION
Adult hPBMCs pre-induced in vitro by co-culture with neonatal rat retinal explants can survive for at least 3 months in the eyes of rds mice. Transplanted cells were found well beyond the injection site, extending to the inner nuclear layer, outer nuclear layer, ganglion cell layer, ciliary body, optic papilla, and optic nerve, as well as radially toward the temporal/nasal edge of the retina. Rhodopsin, MAP-2, CD90/THY1, and nestin were expressed by subpopulations of transplanted cells three months after subretinal transplantation, suggesting that hPBMCs have the potential to replace retinal cells lost to degenerative diseases.
We previously demonstrated that subretinal injection greatly enhances the in vivo survival and differentiation potential of adult hPBMCs compared to intravitreal injection. In this study, we attempted to further enhance survival and (or) differentiation capacity by pre-induction. The molecular changes induced by pre-induction are unknown. After 4 days in neural stem cell medium conditioned by explant neonatal retinal tissue, there were no observable changes in cell morphology, possibly due to the short induction period [33] [34] [35] . Nonetheless, pre-induction was sufficient to expand the stem/progenitor cell population and reduce the immunocyte population as indicated by flow cytometry. Enrichment of stem/progenitors may have enhanced in vivo survival, although further studies are needed to confirm this proposal.
To track transplanted cells in rds mice, we labeled preconditioned hPBMCs with CM-DiI, a lipophilic red fluorochrome that is weakly fluorescent in cytoplasm but highly fluorescent and photostable when incorporated into membranes. This dye allowed for effective tracking of hPBMCs [36] due both to the highly efficient labeling 92.8%±5.3% and the retention of dye by at least a fraction of injected cells for 2 to 3 months after transplantation [37] . However, more fluorescent cells were observed at 2 months, so some CMDiI fluorescence may have been lost over time or diluted during cell division [38] . Studies with additional time points are necessary to assess cell fate and the stability of the tracer in more detail. Moreover, there are reports of phagocytic dye staining by host cells [39] , so it is possible that some CM-DiI cells were not transplanted. In order to confirm that the observed red-stained cells were indeed those transplanted, we demonstrated immunoreactivity to human antibodies that do not cross-react with mouse retinal tissue. Fig. (2) . Flow cytometry results. After four days in pre-induced culture, the expression of all the neuronal markers tested rose while expression of PBMC markers decreased except CD45. There was a significant increase in rhodopsin immunoreactivity (P<0.05). . (4) . The extent of radial migration within retinas of rds mice. Two and three months after subretinal transplantation, the distribution of CM-DiI-labeled transplanted cells (red) was assessed in whole-mount retinas from the treated group ( 50 Magnification). Most of the transplanted cells remained near the injection site (white arrow in the right section of each specimen) but aggregates were also found in the optic papilla (white arrows at the center). CM-DiI staining was more intense and widespread after 2 months (A&B) than after 3 months (C& D). (E) There were no CM-DiIlabeled cells in whole-mount retinas from control group rds mice. Liu and colleagues [31] showed that differentiated adult hPBMCs could migrate and integrate into the retina 4 weeks after intravitreal injection. In our study, we used the transscleral approach for subretinal transplantation instead because this delivery method places the transplanted cells physically nearer to the photoreceptors and adjacent to a rich blood supply. Hambright et al. [39] showed that immunosuppression was not mandatory for xenogenic graft survival in the retina so long as the blood-retinal barrier was not breached by the transplantation process. They also indicated that the subretinal space, but not the vitreous space, can promote maturation of transplanted cells into photoreceptors. Our results are consistent with these previous studies. Indeed, two and three months after subretinal injection, some red fluorescent (CM-DiI-positive) cells expressed rhodopsin.
Adult hPBMCs were induced in the presence of 1-dayold SD rat retinas, which still contain numerous neuronal stem/progenitor cells [40] [41] [42] . Moreover, retinal tissue at this age is at peak photoreceptor genesis [42] . Thus, these retinas likely secrete a variety of trophic factors that contribute to lineage specification. In addition, the culture medium contained hbFGF, hEGF, hSCF, and B27 supplement used for nerve cell culture [31, 43] . It was reported that a culture medium containing these factors could induce hPBMCs to differentiate into neural-like cells [27, 31, 44] . Both EGF and FGF are mitogenic factors that stimulate proliferation of neural stem cells [45, 46] , and bFGF is essential for development of the neural retina [47] [48] [49] [50] . The presence of these factors may explain the relatively higher percentage of neuron-like cells found in the ganglion cell layer of the host.
Rhodopsin, MAP-2, CD90/THY1, and nestin were expressed by different CM-DiI-labeled cells, while the neural marker -tubulin III was not expressed. Antibody-positive cells did not show nerve cell processes, possibly due to insufficient time in the host for full differentiation. Therefore, future studies must examine longer time points after transplantation. Moreover, many CM-DiI-positive cells were not immunoreactive for the human antibodies tested. One possible reason for expression failure is that some transplanted cells may have already terminally differentiated under the guidance of cues in vitro (from rat retinal explants) and so were not responsive to the host microenvironment. Therefore, further purification of pre-induced cells may be required prior to transplantation. Second, the cells were injected prior to significant retinal degeneration. At the time of injection, rds mice were one and a half months old and by the end of the experiment, the oldest were four and a half months old. In rds mice, slow loss of visual cells begins at around two months, but the outer nuclear layer is not reduced to half its normal thickness until 18 months [51] . Thus, the exact timing of transplantation relative to pathological progression may influence differentiation. Indeed, there was no significant difference in retinal structure between control and treated mice by the end of the study. Future experiments must also test the effects of transplant in older rds mice. Moreover, the temporal course of retinal degeneration in untreated rds mice should be re-evaluated.
CONCLUSIONS
Pre-induced adult hPBMCs survived for at least 3 months in rds mouse retina after subretinal transplantation, migrated to all retinal layers, and expressed neuronal and photoreceptor markers, suggesting that hPBMCs have potential applications in cell replacement therapy to treated retinal degenerative disease. Whether pre-induced adult hPBMCs can live for longer periods and eventually replace functional cells lost to degeneration requires further study. 
LIST OF ABBREVIATIONS
